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Interface bond performance of steel fibre embedded in magnesium 29 
phosphate cementitious composite 30 
 31 
Abstract: A series of pullout tests were carried out to characterize the interface bond between steel 32 
fibre and magnesium phosphate cement (MPC) based matrix. The effect of the mixture proportions, 33 
curing time and end-hook of fibre on the interface bond properties between the steel fibre and the 34 
MPC-based matrix was investigated. The mixture proportions investigated include the mole ratio of 35 
magnesium oxide to potassium dihydrogen phosphate, mass ratio of sand to cement, mass ratio of 36 
water to cement and dosage of silica fume. The effect of different types of cement on the interface 37 
bond properties was also investigated. 38 
Keywords:  Pullout; Steel fibre; Magnesium phosphate cement; Physicochemical bond; Mechanical 39 
bond. 40 
  41 
3 
Highlights 42 
∗ Interface bond between steel fibre and MPC based matrix was investigated 43 
∗ Bond properties were influenced significantly by the compressive strength of matrix 44 
∗ End-hooks of the steel fibre improved significantly the bond properties 45 
∗ Bond properties improved by the incorporation of silica fume up to 10% by mass 46 
∗ Effect of different types of cement on the bond properties was also investigated  47 
4 
1. Introduction 48 
Magnesium phosphate cement (MPC) is a new type of binder in which the chemical bond is formed 49 
by acid-base reactions between magnesia and phosphate. Compared to the ordinary Portland cement, 50 
the MPC possesses many excellent properties including very rapid setting, high early strength, ability 51 
to set and harden at temperatures as low as -20° C, low shrinkage, high bond strength, high abrasion 52 
resistance and high durability. Therefore, the study and applications of MPC as a repair and quick-53 
construction material have received significant attention in recent years [1-7].  54 
 55 
The MPC-based composites have excellent engineering properties; however, they are typically brittle 56 
in nature and have inherent weaknesses in resisting tension. Moreover, they are more brittle than the 57 
ordinary Portland cement (OPC) and sulphoaluminate cement (SAC) based matrix because of the high 58 
volume of cementitious compounds [8]. It has been recognized that the behaviour of such materials 59 
can be significantly improved by the addition of discontinuous fibres [9]. The results of some studies 60 
indicated that the addition of the proper type and amount of fibres into MPC-based matrix led to 61 
composites with an elastic-plastic or deflection hardening behaviour under bending [10]. The steel 62 
fibre is one of the most widely used fibres for improving the strength, ductility and toughness of 63 
brittle cementitious composites due to the ease of application together with its high efficiency. The 64 
chemical bond strength between the steel fibre and the MPC-based matrix was higher than chemical 65 
bond strength between the steel fibre and the sulphoaluminate cement (SAC)-based matrix [11, 12]. 66 
The addition of steel fibre improved significantly the compressive strength, flexural strength, flexural 67 
toughness and flexural ductility of MPC-based composites [13]. The improvement in composite 68 
properties is largely attributed to the bond between the steel fibre and the matrix. The steel fibre-69 
matrix interface bond strongly influences the ability of fibres to stabilize crack propagation in the 70 
matrix. The interface bond between the steel fibre and the cementitious matrix can be separated into 71 
physicochemical and mechanical contribution. The physicochemical bond contribution is 72 
predominantly influenced by the cementitious matrix packing density and the properties of the fibre 73 
surface (i.e., smooth, etched, or roughened). The mechanical bond contribution is influenced by the 74 
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geometric deformation of the fibre and the transverse tensile stress resistance of the matrix [14]. The 75 
packing density and transverse tensile stress resistance of the matrix are related to the mixture 76 
proportions of the matrix and curing time. While some studies provided preliminary results on the 77 
bond properties between steel fibre and MPC-based matrix, a large number of variables are yet to be 78 
investigated. The interface bond between the steel fibre and the MPC-based matrix has not yet been 79 
fully characterized. The test of pullout fibre embedded in the cementitious matrix is generally used to 80 
characterize the fibre-matrix interface bond [9]. The known parameters that govern the mechanical 81 
properties of fibre reinforced cementitious composites include fibre type, fibre dimensions [15, 16], 82 
fibre geometry [17, 18], volume fraction [19], strength of the fibre-matrix interface [20], surface 83 
texture of the fibres [21, 22], fibre combination [23, 24] and fibre distribution [25]. The effects of 84 
these parameters on the mechanical properties of fibre reinforced cementitious composites can be 85 
investigated by the pullout test.  86 
 87 
A series of pullout tests of steel fibres embedded in the MPC-based matrix were carried out in this 88 
study. The effect of the mixture proportions, curing time and end-hook of the fibre on the interface 89 
bond properties was experimentally investigated. The mixture proportions of the matrix investigated 90 
include the mole ratio of magnesium oxide (MgO) to potassium dihydrogen phosphate (KH2PO4), 91 
mass ratio of sand to cement, mass ratio of water to cement and dosage of silica fume. The fibres 92 
investigated include straight and hooked-end steel fibres. The effect of cement types (MPC, SAC and 93 
OPC) on the interface bond properties was also explored. The results obtained from this investigation 94 
are important for better understanding the role of steel fibres in improving the strength and toughness 95 
of MPC-based composites. 96 
 97 
2. Experimental program  98 
2.1 Materials 99 
The Magnesium Phosphate Cement (MPC) was prepared from a mixture of magnesium oxide (MgO), 100 
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potassium dihydrogen phosphate (KH2PO4) and multi-composite retarder. The multi-composite 101 
retarder consisted of borax (Na2B4O7·10H2O), disodium hydrogen phosphate dodecahydrate 102 
(Na2HPO4·12H2O) and calcium chloride (CaCl2). The MgO was sourced from Zhengyang Casting 103 
Material Company of Xinmi, Henan, China [26] in the form of magnesia powder with a specific 104 
surface area of 429 m
2
/kg. The detailed chemical composition of MgO is provided in Table 1 [26]. 105 
The industrial-grade potassium dihydrogen phosphate (KH2PO4) with a purity of 98%, particle size of 106 
180-385 mµ  and relative density of 2.338 was supplied by Weitong Chemical Co., Ltd of Wujiang, 107 
Jiangsu, China [27]. The industrial-grade borax (Na2B4O7·10H2O) with a purity of 95% and particle 108 
size of 80-220 mµ  was provided by Banda Technology Co., Ltd. of Liaoning, China [28]. The 109 
disodium hydrogen phosphate dodecahydrate (Na2HPO4·12H2O) with a purity of 99% and calcium 110 
chloride (CaCl2) with a purity of 96% were analytic grade chemical provided by Kermel Chemical 111 
Reagent Co., Ltd. of Tianjin, China [29]. The silica fume with a purity of 92% and a specific surface 112 
area of 200 m
2
/kg was sourced from Nangong Ruiteng Alloy Material Co., Ltd of Hebei, China [30]. 113 
Tap water and natural river sand with fineness modulus of 2.06 were used in this study.  114 
 115 
The fibre-S and fibre-H were used to investigate the effect of the end hook of the steel fibre on 116 
interface bond properties in this study. Both the fibre-S and fibre-H have a smooth surface with a 117 
round section. The fibre-S (diameter of 0.75 mm and length of 30 mm length) was straight.  The fibre-118 
H (diameter of 0.54 mm and length of 35 mm) was hooked at the end. Table 2 summarizes the 119 
properties of steel fibre provided from manufacturers [31]. The sulphoaluminate cement (SAC) of 120 
Grade P.O 42.5R according to GB20472-2006 [32] and the ordinary Portland cement (OPC) of Grade 121 
P.O 42.5 according to GB175-2007 [33] used in this study were obtained from Anda Special Cement 122 
Co., Ltd. Group of Yicheng [34] and Mengdian Group Cement Co., Ltd of Henan, China [35], 123 
respectively.  124 
 125 
2.2 Mixture proportions 126 
The proportions of the mixtures are shown in Table 3. As shown in Table 3, the “M” in the Series 127 
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names represents the MPC. The “M/P”, “S/C”, “W/C” and “SF/C” in the series names represent the 128 
MgO-KH2PO4 mole ratio, sand-cement mass ratio, water-cement mass ratio and percentage of silica 129 
fume to cement by mass, respectively. The magnesium phosphate cement consists of the magnesium 130 
oxide (MgO) and potassium dihydrogen phosphate (KH2PO4). The default values of MgO-KH2PO4 131 
mole ratio, sand-cement mass ratio, water-cement mass ratio and silica fume dosage for the MPC-132 
based matrix are 4, 0.8, 0.14 and 0%, respectively. When one of the variables was changed in the 133 
experimental program, the other variables were kept fixed. The dosage of multi-composition retarder 134 
was 9.0% of MgO by mass for all MPC matrices. The mass ratio of borax (Na2B4O7·10H2O), 135 
disodium hydrogen phosphate dodecahydrate (Na2HPO4·12H2O) and calcium chloride (CaCl2) in the 136 
multi-composition retarder was 1:3:1.  137 
 138 
2.3 Specimen preparation  139 
The solid raw materials, included the cement (magnesium oxide and potassium dihydrogen 140 
phosphate), borax and sand were mixed evenly by a mixer at a low speed. Then the water was added 141 
into the mixer and mixed at a low speed for 30 s, followed by a high speed mixing for 60 s. The 142 
mixture was cast into the steel moulds, and the steel moulds were compacted on a vibration table. The 143 
specimens of MPC-based, SAC-based and OPC-based composites were demolded after 1 hour, 3 144 
hours and 12 hours of casting, respectively. Finally, the specimens were cured in a standard curing 145 
room with 95% relative humidity and 20° C temperature. The specimens of Series M-M/P-4 were 146 
cured for 6 hours, 12 hours, 1 day, 3 days, 7 days and 28 days to investigate the effect of curing time. 147 
All the other specimens were cured for 7 days. 148 
 149 
The 50 mm × 50 mm × 50 mm prism specimens were used to test the compressive strength according 150 
to ASTM C109M-13 [36]. The dog-bone shaped specimens were used to test the pullout behaviour of 151 
four embedded steel fibres within the matrix according to JCI SF-8 [37] and CECS 13:2009 [38]. As 152 
shown in Figure 1, the dog-bone shaped specimen was divided into two halves (namely the pullout 153 
half and fixed half) by a steel partitioning board with a thickness of 1.0 mm in the middle. The two 154 
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halves of the specimen were bridged by four steel fibres. The partitioning board had four 0.5 mm 155 
diameter holes spaced at 8 mm. The casting process of the paste was completed in three steps: casting 156 
the pullout half, installing fibres and casting the fixed half. At first, the paste was cast in the pullout 157 
half of the steel mould. Secondly, four fibres were inserted into the paste through the four holes of the 158 
partitioning board. The four fibres were carefully arranged to keep them perpendicular to the 159 
partitioning board. The embedment lengths of fibre-S and fibre-H in the pullout half of specimens are 160 
8 mm and 9 mm, respectively. The embedment lengths of fibre-S and fibre-H in the fixed half of 161 
specimens are 22 mm and 26 mm, respectively. The fibres were pulled out from the pullout half 162 
during the pullout tests because of the much longer embedment length in the fixed half of specimens. 163 
After 1 hour, 3 hours and 12 hours of the casting of specimens prepared with MPC, SAC and OPC, 164 
respectively, the fibres were fixed by the hardened paste in the pullout half of the steel mould. The 165 
mould was disassembled and the partitioning board was removed. Next, the pullout half of specimen 166 
was covered with the cling wrap in order to completely prevent adhesion between the two halves of 167 
the specimen and put back into the mould, as shown in Figure 2. Finally, the paste was cast into the 168 
other half (fixed half) of the steel mould.  169 
 170 
2.4 Test procedure 171 
The fibre pullout test was conducted by using an electronic universal testing machine with a capacity 172 
of 5 kN. The slip between the fibre and matrix was measured by an extensometer clamped onto the 173 
specimen, as shown in Figure 3. The pull loading rate was 0.5 mm/min of the slip. All the readings 174 
(pullout load and slip) were collected by the electronic universal testing machine. There were five 175 
specimens for each series of the fibre pullout tests. In order to compare the effect of variables on bond 176 
performance, all displayed experimental results represent the calculated average curve or average 177 
value of each series based on the test results of five specimens. The displayed curves of each series 178 
were obtained by averaging the pullout load values at regular slip increments. For example, Figure 4 179 
shows the pullout-slip curves of the five individual test results and the average of the test results for 180 
9 
Series M-S/C-1.0 with fibre-H. The micro-morphology of the surface of the fibre pulled out from 181 
matrix was examined by a Scanning Electron Microscope (SEM JEOL JSM-7500F, Japan). 182 
 183 
3 Test results and discussion 184 
3.1 Evaluation parameters of pullout behaviour 185 
Each fibre pullout test is described by the pullout load versus slip (P-s) behaviour, where P  is the 186 
pullout load and s  is the slip. To simplify the comparison between different series, 
avτ  is defined as 187 
the average bond strength based on the maximum pullout load and the initial embedment length [14] 188 
and is given by Equation (1). 189 








                                                      (1) 190 
where, 
maxP  is the maximum of the pullout load; fd  is the diameter of the fibre; pl  is the initial 191 
embedment length of the fibre in the pullout half of the specimen. 192 
 193 
The total pullout energy, 
PW , is the integration of the area under the pullout load-slip curve, and is 194 
given by Equation (2). 195 
                                                           ∫= dssPWP )(                                                       (2) 196 
The total pullout energy is usually determined to up to 2.5 mm slip, according to the recommendation 197 
in JCI SF-8 [37]. The pullout energy, 
uvW , is defined as the total pullout energy, PW , divided by the 198 
volume of the embedded portion of the fibre, and is given by Equation (3). 199 







=                                                        (3) 200 
where, feV  is the volume of the embedded portion of the fibre.  The pullout energy, uvW ,  is used to 201 
compare pullout energy of fibre with different diameters. 202 
 203 
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The higher bond strength can cause a higher tensile and flexural strength of steel fibre reinforced 204 
cementitious materials. The pullout energy is the mechanical energy consumed during fibre pullout 205 
processing. It is generally agreed that the pullout energy provides the main source of toughness or 206 
energy absorption capacity of fibre reinforced cementitious composites [39].  207 
 208 
3.2 Effect of ingredients and proportions of mixture on the bond properties 209 
The mixture proportions investigated included MgO-KH2PO4 mole ratio (M/P), sand-cement mass 210 
ratio (S/C), water-cement mass ratio (W/C) and percent of silica fume to cement by mass (SF). The 211 
compressive strength of matrices (
cf ′ ), average bond strength ( avτ ) and pullout energy ( uvW ) with 212 
various proportions are summarized in Table 4. 213 
 214 
(1) The MgO to KH2PO3 mole ratio (M/P) 215 
Figure 5 shows the pullout load versus slip behaviour of specimens with varying M/P ranged from 3 216 
to 6 for fibre-S and fibre-H embedded in MPC-base matrix. Figure 6 and Figure 7 show the average 217 
bond strength ( avτ ) and pullout energy ( uvW ) with varying M/P, respectively. It can be observed that 218 
the average bond strength and pullout energy for specimens with the M/P of 4 were the highest. 219 
Sufficient amount of MgO is required in the MPC to ensure the full reaction with the phosphate. 220 
However, the excess MgO reduced the amount of the phosphate in the cement and caused a 221 
significant reduction of hydration products. The compressive strength of the matrix with M/P of 4 was 222 
the highest, too. This indicated that the transverse tensile stress resistance of matrix was the highest at 223 
M/P of 4. The optimal value of M/P was 4 for the interface bond between the steel fibre and the MPC-224 
base matrix in this experiment.  225 
 226 
(2) Sand to cement mass ratio (S/C) 227 
Figure 8 shows the pullout load versus slip behaviour of specimens with varying S/C ranged from 0.6 228 
to 1.0 for fibre-S and fibre-H embedded in MPC-base matrix. Figure 9 and Figure 10 show the 229 
average bond strength ( avτ ) and pullout energy ( uvW ) with varying S/C, respectively. As shown in 230 
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Figure 9 and Figure 10, the average bond strength and pullout energy for specimens with S/C of 0.8 231 
were the highest. The amount of cement in the specimens with S/C of 0.6 was the largest. The water-232 
cement mass ratio was kept constant. Hence, the amount of water in specimens with S/C of 0.6 was 233 
the largest too. The heat of hydration of MPC was high [3]. The excess water in the paste with S/C of 234 
0.6 gradually evaporated and the pores were left during the hydration process, which increased the 235 
porosity of the interface zone between the steel fibre and the matrix.  Hence, all the pullout parameters 236 
for specimens with the S/C of 0.6 were lower than that for specimens with S/C of 0.8. However, when 237 
the amount of cement gradually decreased with the increase of sand-cement mass ratio, the products 238 
of hydration reduced. Thus the fibres in the paste with the S/C of 1.0 were not fully coated with the 239 
cementitious materials. This is the reason that the pullout parameters of specimens with S/C of 1.0 240 
were lower than the pullout parameters of specimens with S/C of 0.8.  241 
 242 
(3) Water to cement mass ratio (W/C) 243 
Figure 11 shows the pullout load versus slip behaviour of specimens with varying W/C ranged from 244 
0.14 to 0.18 for fibre-S and fibre-H embedded in the MPC-base matrix. Figure 12 and Figure 13 show 245 
the average bond strength ( avτ ) and pullout energy ( uvW ) with varying W/C, respectively. With the 246 
increase of water-cement mass ratio (W/C) from 0.14 to 0.18, the average bond strength for fibre-S 247 
and fibre-H decreased by 26.7% and 43.7%, respectively, and the pullout energy decreased by 41.6% 248 
and 37.1%, respectively. The water in the pastes was useful for improving the workability of the paste. 249 
However, the excess water in the paste gradually evaporated due to the high heat of hydration for 250 
MPC, and the pores were left during the hydration process. This resulted in a reduction in the density 251 
of the interface zone between the steel fibre and the matrix.  Meanwhile, the excess water caused a 252 
high porosity of matrix and resulted in a low compressive strength.  253 
 254 
(4) Dosage of silica fume (SF/C) 255 
Figure 14 shows the pullout load versus slip behaviour of specimens with varying contents of silica fume 256 
ranged from 0% to 15% for fibre-S and fibre-H embedded in the MPC-base matrix. The interfacial 257 
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resistance during pullout has been toughened in different extents with various contents of silica fume. 258 
The maximum pullout load and fullness of the curve increased with the increase of the content of 259 
silica fume up to 10% by mass. The toughening effect in pullout process was the most significant in 260 
the cases with silica fume of 10% by mass. However, when the content of silica fume increased to 261 
15%, the interfacial-toughening effect decreased. This indicates that for the interfacial-toughening 262 
effect, the optimum content of silica fume was 10% by mass.  Figure 15 and Figure 16 show the 263 
average bond strength ( avτ ) and pullout energy ( uvW ) with varying contents of silica fume, 264 
respectively. It can be observed that the average bond strength and pullout energy increased with the 265 
increase in the content of silica fume up to 10% by mass. In comparison with the matrix without silica 266 
fume, the average bond strength ( avτ ) with silica fume of 10% by mass for fibre-S and fibre-H 267 
increased by 27.1% and 71.1%, respectively. The pullout energy (
uvW ) with silica fume of 10% for 268 
fibre-S and fibre-H increased by 67.9% and 34.2%, respectively. The study of J. L. Helfet indicated a 269 
correlation of pullout energy to the toughness of steel fiber reinforced cement-based materials. Also, 270 
there is a correlation between the bond strength to the tensile and flexural strength of steel fibre 271 
reinforced cementitious materials [39]. Therefore, it can be inferred that the incorporation of silica 272 
fume can effectively enhance the toughness, tensile strength and flexural strength of MPC-based 273 
composite. However, the increase of compressive strength with silica fume from 0 to 10% by mass 274 
was only 7.75%. The enhancement in the average bond strength and pullout energy due to silica fume 275 
is much more significant than the enhancement in the compressive strength of matrix. The previous 276 
study observed that a great amount of cementitious particles adhered to fibre surface after pullout 277 
from matrix with silica fume [20]. Consequently, the cementitious particles contributed to the friction 278 
and resistance during the fibre pullout process.  279 
 280 
(5) Effect of compressive strength of the matrix on bond properties 281 
According to the test results with varying mixture proportions presented above, it can be summarized 282 
that the average bond strength ( avτ ) and pullout energy ( uvW ) are related to the compressive strength 283 
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of matrix. As shown in Figure 17 and Figure 18, the average bond strength ( avτ ) and pullout energy 284 
(
uvW ) for fibre-S and fibre-H increased with the increase of the compressive strength of matrix. The 285 
matrix with high compressive strength may provide the strong resistance to transverse tensile stress 286 
during fibres pullout process. The compressive strength of the matrix and properties of the interface 287 
bond between the steel fibre and the matrix were improved by the optimization of mixture proportions 288 
and the incorporation of silica fume.  289 
 290 
(6) Mechanical bond contribution due to fibre end hook deformation 291 
In comparison to the pullout behaviour of the straight fibre (fibre-S), the average bond strength ( avτ ) 292 
and pullout energy (
uvW ) for the hooked-end fibre (fibre-H) were much higher, as shown in Figure 6, 293 
7, 9, 10, 12, 13, and Figure 15 to 18. The end hook deformation of the steel fibre contributed to a 294 
significant increase in the average bond strength ( avτ ) and pullout energy ( uvW ). The mechanical bond 295 
contribution of the hooked-end fibre in comparison to the straight fibre can be assessed according to 296 
the increment of the average bond strength ( avτ∆ ) and pullout energy ( uvW∆ ) due to the end hook 297 
deformation. The increment of the average bond strength ( avτ∆ ) and pullout energy ( uvW∆ ) due to the 298 
end hook deformation were increased significantly with the increase of the compressive strength of 299 
matrix, as shown in Figure 19. The increment of the average bond strength ( avτ∆ ) due to the end hook 300 
deformation increased by 118.26% with the increase of compressive strength from 26.8 MPa to 40.3 301 
MPa. The corresponding increment of the pullout energy (
uvW∆ ) increased by 83.66%.  The 302 
mechanical bond contribution due to end hook deformation increased proportionally with the increase 303 
of the compressive strength of matrix. 304 
 305 
The pullout resistance of fibre-S (smooth and straight) was predominantly controlled by the 306 
physicochemical bond properties between the fibre and the matrix. However, the bending resistance 307 
of the end hook of the hooked-end fibre under pullout induces pressure on the matrix, which increases 308 
the frictional force and thus increases the pullout resistance [25]. Additionally, the end hook 309 
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deformation of steel fibre contributed to the mechanical bond between steel fibre and matrix. Hence, 310 
the end-hooks of the steel fibre improved the bond properties significantly. However, this mechanical 311 
contribution decreases with an increase in the slip and is effective only until the end hook is 312 
straightened fully [25]. The end hook of the fibre was straightened to different extents corresponding 313 
to the various compressive strength of matrix, as shown in Figure 20. The end hook pullout from the 314 
matrix with the compressive strength of 40.03 MPa was almost fully straightened. However, the hook 315 
pullout from the matrix with the compressive strength of 30.25 MPa was not fully straightened. The 316 
positive effect of the end hook deformation of the steel fibre on the mechanical bond contribution 317 
increased with the increase of the compressive strength of the matrix until a critical point was reached 318 
where the end hook was fully straightened.  319 
 320 
3.3 Effect of the curing time on the bond properties 321 
The specimens of Series M-M/P-4 cured for 6 hours, 12 hours, 24 hours (1 day), 72 hours (3 days), 322 
168 hours (7 days) and 674 hours (28 days) were tested to investigate the effect of curing time. The 323 
compressive strength (
cf ′ ) of matrices, average bond strength ( avτ ) and pullout energy ( uvW ) with 324 
varying curing time are reported in Table 5. The tensile strength of the matrix cured for 6 hours and 12 325 
hours were low; the mechanical bond contribution for hooked-end fibres (fibre-H) due to the end hook 326 
deformation was significant. The matrices, cured for 6 hours and 12 hours, fractured along the cross-327 
section perpendicularly to the fibre during the pullout process of fibre-H. Hence, the pullout 328 
parameters of Series M-M/P-4 cured for 6 hours and 12 hours for fibre-H were not got. 329 
 330 
Figure 21 presents the effect of curing time on the pullout load versus slip. Both the maximum pullout 331 
load and fullness of the curve increased significantly with the increase of the curing time from 6 hours 332 
to 28 days. Figure 22 and Figure 23 show the average bond strength ( avτ ) and pullout energy ( uvW ), 333 
respectively, with varying curing time. It can be observed that the average bond strength ( avτ ) and 334 
pullout energy (
uvW ) increased significantly with the increase of the curing time, especially during the 335 
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first 3 days (72 hours). The average bond strength ( avτ ) of fibre-S and fibre-H cured for 3 days were 336 
84.9% and 83.4% of those cured for 28 days, respectively. The pullout energy (
uvW ) of fibre-S and 337 
fibre-H cured for 3 days were 76.5% and 71.8% of those cured for 28 days, respectively. The 338 
compressive strength (
cf ′ ) of matrix cured for 3 days was 83.0% of that cured for 28 days. The 339 
excellent compressive strength (
cf ′ ) of the matrix, average bond strength ( avτ ) and pullout energy 340 
(
uvW ) at early curing time were guaranteed by the fast hydration of MPC. Hence, the tensile strength, 341 
flexural strength and toughness of the steel fibre reinforced MPC-based composite at early curing 342 
time were high [13].  343 
 344 
 345 
3.4 Effect of the types of cement on the bond properties 346 
Three types of cement were compared in this experimental program: the magnesium phosphate 347 
cement (Series M-M/P-4), sulphoaluminate cement (Series SAC) and ordinary Portland cement 348 
(Series OPC), as shown in Table 3. The compressive strength (
cf ′ ) of matrices, average bond strength 349 
( avτ ) and pullout energy ( uvW ) with various types of cement are reported in Table 6.  350 
 351 
Figure 24 presents the effect of cement types on pullout load versus slip. As shown in Figure 23 (a), 352 
for fibre-S, the maximum pullout load for specimens prepared with MPC was the highest, which was 353 
followed by the specimens prepared with SAC and OPC. There is only the physicochemical bond 354 
contribution including friction and chemical adhesion for the straight and smooth steel fibres. Hence, 355 
it indicated that the physicochemical bond between the steel fibre and the matrix prepared with MPC 356 
was higher than the physicochemical bond between the steel fibre and the matrices prepared with 357 
SAC or OPC. In comparison to the SAC and OPC pastes, the MPC paste was slightly acidic at the 358 
early stage of hydration, which led to the iron ions release from the surface of the steel fibre. The 359 
released iron ions were captured by the phosphate which produced a compact phosphate film on the 360 
surface of the steel fibre [22]. Additionally, Figure 25 shows the micro-morphology of the surface of 361 
16 
fibre-S pulled out from matrices prepared with various cement. It can be observed that much more 362 
cementitious particles adhered to the surface of the fibre pulled out from the MPC-based matrix in 363 
comparison to the fibres pulled out from SAC and OPC-based matrices. During pullout process, the 364 
abrasion of the magnesium phosphate cementitious particles and wedge effect caused by these 365 
particles squeezed between the surface of the fibre and matrix tunnel led to the excellent bond 366 
properties between the steel fibre and the MPC-based matrix.  367 
 368 
Figure 26 and Figure 27 show the average bond strength ( avτ ) and pullout energy ( uvW ), respectively, 369 
with varying cement types. It can be observed that the average bond strength ( avτ ) and pullout energy 370 
(
uvW ) for fibre pulled out from the MPC-based matrix is the highest, which was followed by those 371 
from SAC-based and OPC-based matrix. It can be inferred that the positive effect of the steel fibre on 372 
the tensile strength, flexural strength and toughness of MPC-based composite was the most 373 
significant. As shown in Figure 25, the increment of the average bond strength ( avτ∆ ) for the 374 
specimens prepared with MPC was similar to the increment of the average bond strength ( avτ∆ ) for 375 
the specimens prepared with SAC and OPC.  As shown in Figure 26, the increment of the pullout 376 
energy (
uvW∆ ) for the specimens prepared with MPC was similar to the increment of the pullout 377 
energy (
uvW∆ ) for the specimens prepared with SAC and OPC. The compressive strengths of matrices 378 
prepared with MPC, SAC and OPC were similar too, as shown in Table 6. Hence, the mechanical 379 
bond contribution of the hooked-end fibre was predominantly influenced by the compressive strength 380 
of matrix, rather than the type of the cement.  381 
 382 
4. Conclusions 383 
The effect of the mixture proportions, curing time and end hook of the steel fibre on bond properties 384 
between the steel fibre and the MPC-based matrix was experimental investigated. The difference in 385 
the interface bond properties between the steel fibre and the matrices prepared with different cements 386 
17 
(MPC, SAC and OPC) was also investigated. The following conclusions can be drawn based on the 387 
experimental results presented in this study: 388 
 389 
(1) The interface bond properties between the steel fibre and the MPC-based matrix were improved by 390 
the proper mixture proportions and the incorporation of silica fume. The interface bond properties 391 
were significantly influenced by the compressive strength of the matrix. With the increase of the 392 
compressive strength of matrix and the increase of the content of silica fume up to 10% by mass, the 393 
average bond strength and pullout energy increased significantly. 394 
(2) The interface bond properties between the steel fibre and the MPC-based matrix were improved 395 
significantly by the end hook deformation of the steel fibre. The improvement due to the end hook 396 
deformation increased significantly with the increase of the compressive strength of the matrix until a 397 
critical point was reached where the end hook was fully straightened. 398 
 399 
(3) The interface bond properties (the average bond strength and pullout energy) between the steel fibre 400 
and the MPC-based matrix at early curing time were excellent due to the fast hydration of MPC.  401 
 402 
(4) The physicochemical bond between the steel fibre and the matrix prepared with MPC was much 403 
better than the physicochemical bond between the steel fibre and the matrices prepared with SAC and 404 
OPC. The better physicochemical bond was guaranteed by the compact phosphate film on the surface 405 
of the steel fibre and the great amount of magnesium phosphate cementitious particles adhered to the 406 
surface of the steel fibre during the fibre pullout. However, the mechanical bond contribution due to 407 
end hook deformation of the steel fibre was predominantly influenced by the compressive strength of 408 
the matrix, rather than the type of the cement. 409 
  410 
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Table 1  545 
Chemical composition of MgO [26] 546 
Composition MgO Fe2O3 SiO2 CaO Others 
Mass fraction of 
the sample (%) 
92.53 0.87 3.1 1.6 1.9 
 547 
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Table 2  548 











Shape and Surface 
  Fibre-S 30 0.75 ≥1100 Straight/Smooth/Round 
 
Fibre-H 35 0.54 ≥1200 
Hooked-end/Smooth/ 
Round 
  550 
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Table 3  551 
Mixture proportions of matrices 552 
Series 
Mole ratio of MgO 
to KH2PO3 
Mass ratio of 
sand to cement  
Mass ratio of water 





0.8 0.14 0 
 
M-M/P-4 4  
M-M/P-5 5 9.0% 
M-M/P-6 6  
M-S/C-0.6  0.6 
0.14 0 
 
M-S/C-0.8 4 0.8 9.0% 






M-W/C-0.16 4 0.16 9.0% 




M-SF/C-5   5%  
M-SF/C-10 4 10% 9.0% 
M-SF/C-15  15%  
SAC - 2.5 0.36 0 - 
OPC - 1.0 0.50 0 - 
Note: The MPC consists of magnesium oxide (MgO) and potassium dihydrogen phosphate (KH2PO4). The 553 
silica fume dosage is the percentage of MPC by mass. The retarder dosage for all the MPC composites is 9.0% 554 
of MgO by mass.  555 
  556 
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Table 4  557 






cf ′  
(MPa) 
Average bond 











24.9 8.18 123.70 
37.4 12.02 173.06 
37.0 11.31 158.46 






24.9 2.72 24.20 
37.4 4.53 53.29 
37.0 4.46 41.70 




34.9 9.24 142.18 
0.8 37.4 12.02 173.06 




34.9 4.07 43.37 
0.8 37.4 4.53 53.29 




37.4 12.02 173.06 
0.16 32.0 8.00 135.53 




37.4 4.53 53.29 
0.16 32.0 3.50 38.68 




37.4 12.02 173.06 
5% 38.0 13.04 194.92 
10% 40.3 15.28 232.20 
15% 38.6 13.97 209.85 
0% 
Fibre-S 
37.4 4.53 53.29 
5% 38.0 5.51 61.23 
10% 40.3 7.75 89.48 
15% 38.6 7.10 75.45 
Note: The reported values are the average values for each series. The M/P, S/C, W/C and SF/C represent the 559 
MgO-KH2PO4 mole ratio, sand-cement mass ratio, water-cement mass ratio and percentage of silica fume to 560 
cement by mass, respectively. 561 
  562 
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Table 5 563 
Pullout parameters derived from test results with varying curing time 564 





cf ′  
(MPa) 






mm/mmN ⋅ ) 
Fibre-H 
1 d 31.7 8.81 117.82 
3 d 34.6 10.37 144.44 
7 d 37.4 12.02 173.06 
28 d 41.7 12.43 201.21 
Fibre-S 
6 h 26.5 2.06 24.09 
12 h 30.3 2.90 30.91 
1 d 31.7 3.37 36.52 
3 d 34.6 4.17 42.83 
7 d 37.4 4.53 53.29 
28 d 41.7 4.91 56.02 
Note: The reported values are the average values for each series.  565 
  566 
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Table 6 567 
Pullout parameters derived from test results with various types of cement 568 





cf ′  
(MPa) 






mm/mmN ⋅ ) 
Fibre-H 
MPC 37.4 12.02 173.06 
SAC 38.0 9.47 135.85 
OPC 38.3 7.48 116.01 
Fibre-S 
MPC 37.4 4.53 53.29 
SAC 38.0 3.07 30.08 
OPC 38.3 1.74 21.68 
Note: The reported values are the average values for each series.  The MPC, SAC and OPC represent the 569 





Figure 1 Illustration of the dog-bone shaped specimen: (a) Top view of the specimen, (b) Side view of the specimen and (c) Section A-A 574 















































     577 
Figure 2 The fixed half of the specimen covered with a cling wrap in the steel mould 578 
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(a)                                                                                 (b) 583 






































Figure 4 Pullout-slip curves of Series M-S/C-1.0 together with the averaged plot (fibre-H) 587 
  588 
35 
 589 

























 (a) 591 


























Figure 5 Effect of M/P on the pullout load versus slip: (a) fibre-S and (b) fibre-H  594 































































Figure 6 Effect of M/P on the average bond strength between the steel fibre and the MPC-based 598 































































Figure 7 Effect of M/P on the pullout energy of the steel fibre embedded in the MPC-based matrix 602 
(Note: vertical bars represent standard error)  603 
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Figure 8 Effect of S/C on the pullout load versus slip: (a) fibre-S and (b) fibre-H 609 






























































Figure 9 Effect of S/C on the average bond strength between the steel fibre and the MPC-based matrix 613 






























































Figure 10 Effect of S/C on the pullout energy of the steel fibre embedded in the MPC-based matrix 617 
(Note: vertical bars represent standard error)  618 
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Figure 11 Effect of W/C on the pullout load versus slip: (a) fibre-S and (b) fibre-H 624 





























































Figure 12 Effect of W/C on the average bond strength between the steel fibre and the MPC-based 628 


























































Figure 13 Effect of W/C on the pullout energy of the steel fibre embedded in the MPC-based matrix 632 
(Note: vertical bars represent standard error)  633 
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Figure 14 Effect of the silica fume (SF/C) on the pullout load versus slip: (a) fibre-S and (b) fibre-H 639 
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Figure 15 Effect of the silica fume on the average bond strength between the steel fibre and the MPC-643 
based matrix (Note: vertical bars represent standard error)  644 
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Figure 16 Effect of the silica fume on the pullout energy of the steel fibre embedded in the MPC-647 
based matrix (Note: vertical bars represent standard error)  648 
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Figure 17 Effect of the compressive strength of MPC-based matrix on the average bond strength 651 
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Figure 18 Effect of the compressive strength of MPC-based matrix on the pullout energy  655 
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Figure 19 Effect of the end-hook of the steel fibre on the mechanical bond with varying compressive 659 




Figure 20 Hook straightened by the MPC-based matrix with various compressive strengths of matrix 663 
Hook straightened-32.0 MPa 
Original Hook Hook straightened-40.3 MPa 
51 
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Figure 21 Effect of curing time on the pullout load versus slip: (a) fibre-S and (b) fibre-H  669 
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Figure 22 Effect of curing time on the average bond strength between the steel fibre and the MPC-672 





























































Figure 23 Effect of curing time on the pullout energy of steel fibre embedded in the MPC-based 676 
matrix (Note: vertical bars represent standard error)  677 
54 
 678 
























 (a) 680 
























 (b) 682 




(a)  686 
  687 
(b)  688 
 689 
(c)  690 
Figure 25 Micro-morphology of the surface of fibre-S pulled out from the matrices prepared with 691 






























































































































Figure 27 Effect of the types of cement on the pullout energy  697 
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